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ABSTRACT 
Experimental research on the tensile strength and 
fracture toughness of a cow humerus bone using a grip 
system which allows loading of the entire bone. Stress 
strain readings from the tension tests are used to com-
pute Young's Modulus and a testing procedure is developed 
to derive a fracture toughness value. 
Polymethyl methacrylate bone cement is also tested 
in the lab. Standard tensile coupon and compact tension 
' specimens are molded under varying conditions of tempera~ 
.ture and pressure. 
Test results are used to compare the strength and 
-toughness of bone and bone cement involved in total hip 
replacement operations. 
The fractured toughness values for bone and bone 
• 
cement were found comparable. However, there are other 
problems with the artificial hip joint such as destruc-
tion of bone cells and lack of porosity in the bone 
cement. 
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INTRODUCTION 
i 
The total hip arthoplastic operation is a relatively 
new procedure which offers people with hip disease a 
chance to walk painlessly and comfortably. The procedure 
involves replacement of the entire hip joint with a metal 
prosthesis and plastic cup which are attached to the bone 
by polymethyl methacrylate bone cement as shown in 
Figure l. Currently, ·;t is used mostly for elderly pa-
tients who are unable to walk. The techniques of this 
operat_ion-can be improved from an analysis of the strength 
and toughness of bone and bone cement~ 
The total hip replacement operation consists of four 
steps: l) dislocation ~f hip joint and amputation of femu~ 
head, 2) placement of a high density polyethylene cup in 
the pelvic area (the acetabular cup), 3) placement of pro-
sthesis, a vitaltum spike with a half sphere at one end, 
into the femur, 4) realignment of hip joint which now _ 
consists of a metal ball and a plastic socket. This opera-
tion is widely used although it suffers drawbacks such as 
possible dislocation of the joint, and iri~reased stress on 
the pelvic area. Useful lifespan of the new joint pres-
e\ntly averages only five years, if not less. 
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The bone cement is prepared in the operating room 
as a putty which self cures into a hard material after 
insertion into the body. This putty-like substan.ce acts 
as a filler ~nd bonding agent between bone and prosthesis. 
The .1 ong-term success of the operation depends on the 
durability of the bone cement. A poor application of the 
bone cement results in a weak artificial joint which will 
not take much action. 
In or.der to get some· idea of the mechanical soundness 
of this artificial joint, an experimental research program 
was initiated to test cow bones and bone cement for 
strength and toughness values. For obvious reasons, it was 
easier to acquire cow bones for research than human speci-
mens. Moreover, the cow bones were adequate for the pur-
pose of developing testing procedures and studying measure-
ments of bone strength invol¥ed cutting slices or cubes 
out of a full size bone and pulling them with grip systems 
designed to handle similarly shaped metal specimens or 
simply crushing them to pieces. Since a bone's strength 
depends sensitively on the size of the specimen, it is 
essential to test the entire bone. 
When polymethyl methacryl ate was chosen for use as a 
·bone cement, it was assumed that it would strengthen the 
-3-
joint by providing a gradation of stiffness between the 
bone and metal prosthesis. In other words, it would 
minimize unnecessary stress between the two materials. 
However, this was not the case. The modulus of,elas-
ticity (stress/strain) for the bone cement is an order of 
magnitude lower than for bone and considerably lower than ·· 
fa~ the metal: bone cement - 330,000 lb/i.n 2 , cow bone*-. 
3,500,000 lb/in 2 , and metal - 30,000,000 lb/in 2 • If any-
thi~g, the bone cement will increase relative deformation 
between the materials. 
Stiffness consideration, however, is not the impor-
tant factor in the bone-bone cement-prosthesis system. 
The stresses involved in the artificial joint are not high 
enough to cause a strength failure. For the reliability 
and safe design of the artificial joint, it is more suit-
able to ~se the "fracture toughness" parameter - the 
change of compliance (the reciprocal of stiffness) with 
crack growth. It measures the ability of a material to 
resist crack growth. This type of study belo~gs to the 
field of fracture mechanics. 
*The modulus of elasticity ·for wet femoral human bone is approximately 2,500,000 lb/in 2 [1]. 
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PART I 
• 
FRACTURE MECHANICS 
Fracture mechanics is a relatively new field which 
· characterizes the behavior of materials which are weakened 
by built-in cracks or flaws. Work in this field was 
necessary after trad-itional theory failed to account for a 
new problem' in industry -- the sudden failure or fracture 
of structures made of high strength alloys at stresses 
below the supposedly safe design strength. These materials 
were bri.ttle, under stress concentration they were more 
likely to fracture than plastically deform to redistribute 
the str~ss, and small flaws which could cause such high 
stresses are impossible to avoid. Fracture mechanics pro-
vided a new analysis technique for such failures and has 
since been applied to a wide range of materials. 
Fracture mechanics is based on some very logical 
assumptions. It states that the larger the flaw, the lower 
the stress needed to cause fracture. A structure is as 
durable as its weakest part. It also states that a speci-
men's fracture mechanics or toughness values are material 
constants at fracture, they are independent of loading 
conditions, crack size and geometry. In other words, 
-5-
material behaviot does.not change with changing crack 
length and geometry. 
Two basic factors are used to characterize a ~aterial: 
the energy release rate, G; and the stress intensity fac-
tor, K. The first takes into account the energy involved 
in crack propagation and is equal to the work done by 
externally applied forces minus the strain energy released: 
G = p dti _ d~J 
da da (la) 
p dti = PC dP + p2 dC 
da da . da (lb) 
.9li. = PC dP + l p2 dC 
da da 2 da 
( l C) 
G = l p2 dC 
2 da ( l d) 
Pis load, C is compliance (deflection/load),~= PC, and 
vi is the strain energy. In the lab, compliance valu··es·"are 
!.,>._...__ ___ .,,..,/' ··--~ 
obtained for many crack sizes by taking the slopes of 
load-deflection plots. The resulting data is differen-
tiated to get~;. 
The stress intensity factor describes the stress 
field near the crack tip. The value of K varies according 
-6-
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• 
.' 
to crack length (a), and stress (a) by the g~neral formula 
K = Vala ( 2) 
where Y is a function of the crack size and geometry of the 
specimen. The value of the stress intensjty factor at 
fracture is called the fracture to~ghness, Kc' and gives a 
simple relative value of the materials ability to resist 
crack propagation. Values of Y have been calculated for 
many specimen sizes, making K easy to get in the lab. C . 
-7-
i 
\. 
,. 
:Pi\.RT 1 ·r · 
BONE FRACTURE 
The type o:f: b·o:n:e, iu:sed in the fracture testfng was ·the 
c:o·w. humerus bone. Th:ese bones varied in length from ten 
:a n d. a. h a l f t o t .. :fa_,: :r :t e. e n · itj n c he s , a n d t h e d i s ta n c e b e twee n 
the proxmyl and distal condyl es ranged from seven to e_ight 
inches. The diameters of bone section varied from slightly 
less than two in.ches to almost three and a half inches, 
with the bone wall thickness going from 0.08 to 0.80 
inches. The thinnest sections of bone walls generally 
corresponded to the smallest section of bone. The cross 
-~-:e,c··tfonal area, varied along the length of bone but showed 
no di rec t c o r res p o n d e n c e to th e w i d t h o f t h e b o n e (Se e 
Tab .. le· l}. The cond_yl_es. varied greatly as to size a:.n:·:d; 
s-hape:., 
' ... 
T:he, b,::crn_J~·s·: :v1ere: .p"la,¢:.ea· in a formalin ha th after ob-
ta.tni rig them fresh from a slaughter house. Before being 
.. 
t.·~s:t·e.,d, aJ l :scr:ap:~ o-f: te·ndon and peri ostio-:n- tissue left on 
the b-one was scraped off with surgical chfsels and blades, 
~rnd: t:h.-e, :d.:imensions o<f t:,he bone were recorde-.d. The bones 
w.e.r:e theri pl aced in a froma l in or glycerol bath to keep 
them as~fresh as. 1:rossfble. Before testing~ the p:ioxmyl 
condyl e -had -t·o :b-.·e·· sawed fn:t.'o a: :.s:h.ap'e ·t.h}1t c.o·u:l:d: ftt. ·in 
•· 
..: 
... 
t he g r i p--:s , w h i c h we r e d e s t g:n:.e·d s o th at t he en t i re b o n e. 
coul-d ·be tested ih the Instro-n TTC Universal Testi.n-g 
Ma~h-1ne. These adjustable grips consist of two sets of 
two solid wedges (at 115~ ·angle) that are bolted to 
.metal· plates on both .sid.es., a::n.g_le irons on top and· metal . - ... 
·bars on the bottom. The pl.a·t.·e.s- are machined so t·hat they· 
can be adjusted for different size b·ones. The: loading 
pin is also ijdjustable to eliminate major eucentricity. 
The bones were packed in the grips with· PC7 epoxy two 
days before testing was schedule-d· to- allow for complete 
curing of the epoxy (See Photograph 1). The bone con~ 
dyles were packed in epoxy t:o ·further prevent.slippage of· 
t:h:-~ bone, to prevent: ·the bone from bre_aki~g inside the 
g·:r i::p-s ~· a·n-d :to s e.•l f- a .. 1 i g n the bone du r ;: n,g ·tie· .. s. ti •rtg .• 
A. Tension T~$t$ 
.. Th·e f:I:rst·: ::s·e.·t o:f barre:: t:es:--ts were stress-strain ten-
:s·; le. :t.e::st:s ~- -$.tr.a-i·n · g_a:ug~s_ -w.e-re attac.:"h-ecf ·ttJ the bo·ne and 
t·he bone was lo·aded tJp t,.(J fract.:ure: (Se.·:e· :Ph.otograph -2-}. 
In test #1 the epcJ-x_y· catrse·d a sl·ig:_h·t problem when it. 
crept out- of -t:)1e ~J:ti ps :but the bone: ·f-ra:c:t:ured at 70-.0\0i 
,,.. . . 
pourtds wit.h:,·t ... h·e ·crack propagating_. f:ro .. m th·e -w;.a:~e- e:nd- of' 
.w.a s: ·t.o f'r·a: c ·t-u·r e t.h e bone b-et··we . .:e:·n, the g-:r·j ·p s a n-d n,o t i n ~ 
~ •. 
. . 
--9.·-·;;.. ' .  
side them where the con&yles represent the weakest por-
tion of the bone (a previous attempt to run a tensile 
t e s t o n a n e n t i r e b o n e u s i n g a d i ,f f e r e n t g r i p p i n g a p p a -
ratus had failed). 
For test #2 we packed the epoxy using a different 
technique and we encountered no problems. However,the 
bone was air dried too long (six days) and cracks ap-
<\ 
peared on the surface of the bone. The bone fracture 
started on one of these cracks and spread around the 
bone at 5450 pounds. Probably because of its dry state 
which allowed the strain gauges a firm grip on the bone, 
the strain readings were the most repeatable of any of 
the bone tests (See Figure 2). 
For test #3, epoxy was packed as in test #2 but pro-
blems again arose causing the bone to break prematurely 
at 5400 pounds. There was a break at the wide end of the 
r 
bone and the pattern of crack propagation reseffibled that 
of test #1. 
In test #4, the bone broke at the wide end qgain 
.. 
under 6050 pounds tension, but at instant of fracture 
there was a great deal of twisting -- the top end of the 
bone was not sufficiently packed with epoxy and had 
started to twist free. Because of twisting, these bones 
-10-
,· .. 
~,ere not. in ::p·-t1re- .tens·i·o-n and displace·m~.n-·t ·readings var-
; e d a l o n g th e 1 e n g _t h o f t h e b o n e • V a 1 u e s -o f Y o u n g ' s 
Modulus varied from .800,000 to 3_,0:00,-o:oo lb·/i·n-2 (See 
Table 2). 
In te.st:s: #·l, #3, and· #·4· ·t.hJ:~- fracture occurred .at:. 
··tne loca:ti_o,n. in the wide end wh-e:re the bone wall thick-
-ne.:s·s was smallest and the stress intensity was largest. 
iFor bone #1 the minimum thickness was 0.17 inches, #3 
Was 0.19 and #4 was· 0.13. The bo-ne wall thickness reaches 
-~· maximum value of ove:·r -0.80 inches in other parts of 
these bones. The bone thickness. measurements represent 
t:h.-e thickness of the_ .corticle bo.·ne· tissue and disregard 
any cancel 1 ous bone·... Onl_y· :bocr.1e #>l had considerable can-
e e l l o u .s b o n e t i s· s u e a t: t h-;~: p 1.a C' e· o f.. f .r a. c;: ttrr e . T h i s c a n -
eel 1 ous tissue is very w·:tfa;k_ :_a.n_-:d· -ad:d_s- l ;·tt·Je strength. 
In each of: t.h.e four te s: ts- t·l·h:.:et f;'ra.ct u re prop a ga. te-d'. 
downward like an upside dow-n V:. :E_··v··e"r1 bone #2, w.hi·ch 
·cracked along a ·preex.i·sting: a~xial track, grew·. ctr.c.u:.m ... •. : : 
; . :,:-.-( 
f~_rerfti a 11 y do\vnwa·rd... Th:1.s.: :a._r1g] e o:f fr·-ac:·t-ure, x, vr.a·$:· 
-a.J>JJ r-o· xi m-a ·t .. eJ_y· t·h e s: a-me f·crr. ·_bJJ n es: #l -,. #·::3: .. , :.a n::d #·4 ·::· for: ·#·l ., 
x = 18° Cm-ilX! _25°., -m:i_n:. 12·0 ):-; f·or #:3:, x =· l·8· 0 (m-a·.x: .. 2_1·0 :, 
rn i n • l 6 ° ) : a: :n d f O :r :.#:.4 ,. x· =· 2 4 ° ( m ·a X ·• -3 Iil:0 ,,. :n1_:i· n • . 1 ·s O ). • 
Bone .#-2; had :a. mu:ch .. -9:r.e·a·ter angle {40---5.:5. 0 ·) si"nce i:·t;s 
-11 -
·,: 
fract·11r'e started on an axial track. These substantia.1 
davi.ations from a horizontal fracture plane indicate a 
l .. a.r g e tors i crn al force bu i l t i n to the tens i 1 e l o ad i n g of 
:a bone. This would not- show up on a tensile test of ·a 
slice of a bone. 
The tensile fracture load for samples #1-4 ra~ged 
from 5400 to 7000 pounds. This large ra~ge of values is 
du~ to such factors as torsional ·twisti~g duririg testing, 
varyi~g degrees of fre~hness of the bone, the effect the 
formalin and glycerol had on the bone, and possible 
fracture planes already existing in the bone. Also, the 
variation in size of the bones indicated that they came 
f·rom cows of different ages which would effect the 
st:r~ngit:h of the bones. 
:1;3 .• -~·r-:a :c ·t·u re. . T o u g h n es s Te s ts 
Th:e- ·next s .. et of tests was run in order to derive a 
val.u°'e: ·o:f: K.·c, the critical stress intensity factor, for ., 
•,<>--~• "• .• .•.•~••H 
·t. he b.o··ne • We approximated Kc for the bone by using 
f·~acture mechanics. th~eory for an axial loaded single 
ed·ged notched plate· .. This was attempted by cutting a . . 
c i r'·c u.m·f e ·re n t i a 1 no t c h ( 0 . 0 4 " w i d e ) i n th e mi d - s e ct i o n: o.-f 
t 'fre. bone , and 1 o ad: in g the bone ta fracture w hi ch w-o u l d ..
Jtopeful ly occur a·t· the notch. To cut the notch c_.le_-a:n-1.,y 
-12-
r 
a jeweler's saw was used to put a_ guide notch and· then 
a hack saw was used to cut through the bone. When the 
notch was complet~d it was painted with ink so that 
the exact dimensions of the notch could be recnrded 
after fracture. 
Five bones were tested usi~g this procedure but 
only three of them fractured alo~g the notch (See Table 3.) 
Bones #7, #8, and #9 were successful: #8 broke at 3100 lbs. 
notch depth 0. 12": #7 broke at 2910 lbs., 0. l 8 11 ; and #9 
broke at 6750 lbs., 0.06 11 • Attempts at bones #10, and #16 
-failed: with an 0.11 11 notch #10 fractured at-wide end at 
5400 lbs.; and with a 0.07" notch #16 fractured at the 
wide end at 6500 lbs. 
Cal.ibration curves for the stress intensity factor 
were derived from Sih and Liebowitz's formula 
• 
_ l·lim Ip a 
Kl - 2 p+O max (3) 
-13-
For the single e~ge notched plate (FJgure #3) [2] 
-0 max -
a., 
C --
4 
3a 2 
P = _2_ ad 
p 
l 
-
(al - 2C) 
·c 
-
· la + l p 
~ + l p 
I~+ l - l p 
al = 2 (~ + l) ~ p p 
(~ + 1) tan- 1 If+ la p p p 
°'2 - 4 ~ ( ~) p p 
3 era+ (~ - l ) ~l tan p p 
Formula (3) then reduces to 
K1 = 0-.29 
p 
d la-
-14-
Ii] 
p 
{4a) 
(4b) 
(4c) 
( 4d) 
(4e) 
For the bone, d was set equal to the diameter of the bone 
m i n u s t \v i c e t h e n o t c h d e p t h ( a v e r a g e v a 1 u e 1 • 9 11 ) , a n d t h e 
thickness of the bone was set equal to a+c (about 0.3 11 ). 
Setting 
a = L = p td 0.57 
calibration curves of stress versus crack length were drawn 
for different values of K (Figure #4). 
Plotting data from tests #7, #8, and #9 against 
these curves gave an approximate Kc value of 550 lb/in3/ 2 
for the bone. This value is ·intended to give a 9.eneral 
idea of Kc since it is based on representing this bone test 
by a plate. Also, more than three data points would be 
needed to pinpoint a value. 
-1 5-
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PART III 
METHYLMETHACRYLATE SPECIMEN 
Methylmethacrylate is a polymeric resin used as a 
bonding and filler material between bone and prosthesis 
in total hip arthoplastic operations. Commercially pro-
duced as Surgical Simplex Bone Cement (See Photograph 3) 
by North Hill Plastics Ltd., it can be formed, molded, 
and hardened into desired shape in less than ten minutes 
in the operating room. Chosen because it was easy to 
use and successfully established an artificial joint that 
allowed the patient to walk comfortably, there were no 
major investigations into its mechan-ical properties to 
find if the new joint was sound. Our experimental re-
search was based on filling this void by determining its 
elastic and fracture toughness values • 
• 
Surgical _Simplex ls not used as an adhesive, but 
rather a filler material which can creep into irregular-
ities in surfaces to provide a strong hold between bone 
and metal, and bone and plastic. The hardened material 
is fully compatible with living tissue and has been 
used to replace bone tissue which has become too weak. 
When mixed in the operating room the methacrylate is in 
a workable putty form ,for about three minutes before it. 
-16-
will start to harden, a proces~ which takes five more 
minutes at body temperature. In step two of the opera-
tion, (see Introduction), the methacrylate is squeezed 
into the acetabular cup and is anchored in holes which 
have been drilled in the pelvic bone. The plastic cup 
is then positioned in the doughy mass. In the third 
step of the operatiori the methacrylate is pushed into 
the medullary canal in the femur, and the spike end of 
the prosthesis is positioned in the femur before the 
methacrylate hardens. Anchoring holes are not needed in 
the femur since the surface of canal area is very 
irregular. 
The methylmethacrylate monomer, CH 3cH 2 .C.CO.OCH3, 
will polymerize. in presence of free radicals in chemical 
reactions, or under light or heat. Surgical Simplex is 
distributed ·as a 20.c.c. ampoule of the monomer•and a 
40 gram packet of granulated polymerized methacrylate. 
A peroxide in the powder resets with a tertiary amine 
i n t h e l . i q u i d t o re 1 e a s e t h e n e c.e s s a r y f r e e r a d i c a l s ·• 
'II 
• Consequently, the mixing sets off a chemical reaction in 
which the monomers in the liquid join into long chain 
molecules which take a solid form. The powder either 
dissolves in the liquid or becomes imbedded in this mass 
which has become chemically homogeneous. The powder to 
-17-
/ 
liquid ratio of 2:1 provides sufficient working time 
for the surgeon before the material sets. However, this 
ratio results in a heat of polymerization as high as 
220°F. In the actual operation, sur.face temperatures 
can real 160°F, compared to the 142°F which is tolerable 
by body tissues. 
In addition to the thermal damage to bone and tissues, 
there are other problems encountered in methacrylate use 
in surgery: the liquid is highly toxic, causing problems 
to the patient and the surgeon, particles broken loose 
from the main body of methacrylate may induce major 
cell reactions; and rapidly cured methacrylate is weakened 
by air pockets and inclusions of blood. In addition to 
immediate danger, these factors delay heali.ng and allow 
infection in the wound. However, our early research did 
not tuuch these.areas, but was aim~d at pinpointing the 
mechanical properties of Surgical Simplex. 
Two types of Surgical Simplex were tested, Radiopaque 
',\,.,,·s ••• 
and Non-Radiopaque. Radiopaque bone cement is commonly 
used in operations because it contains barium sulfate 
which makes the polymer show up on x-rays. Most of our 
tests were run on Non-Radiopaque samples·which are gen-
erally less dense, and harder to cut and machine. How-
-18-
ever, similar tests run on both types Of Surgical Simplex 
showed the Radiopaque to have lower but comparable mech-
t1 
anical values. Therefore, even though the specific 
values are different, the basic mechanical properties are 
similar for the two types. 
The purpose of the testing was to derive values of 
Kc' the critical stress intensity factor, for samples 
made at different mold temperatures and pressures. The 
stress intensity factor is a function of the load, crack 
• 
and dimensions of • Consequently, $· 1 z e , a specimen. a 
value of K exists for each • of values of load and pair 
crack • at stage of test. Kc • of the size any a 1S a measure 
crack toughness, ;·t • the as· gives value of K as the crack 
pr0pagation moves from a slow to a fast speed at time of 
fracture. We concentrated our testing on fracture tough-
ness betause it was felt that the ability of the bone 
cement to resist fracture was a more important factor in 
the artificial joint system than its elastic strength. 
All the methacryla~te samples were mixed in the lab 
at 71° and 40% humidity using stainless steel elevators 
as stirrers. Mixing required approximately 125 strokes, 
or 60-75 seconds before the sample was in the workable 
doughy form (mixing i's continued for s ev era 1 more minutes 
·-T:9.-... 
... 
in t.·he ·operating r:o:o:m to make sure none of the mo·h·:o·me·r 
r· e,m a i n s i n 1 i q u f d f o rm ) • * T h e b o n e c em e n t w a s t h e. _n 
pressed into- an aluminum mold which had compartment-s 
for four standard compact tension specimen.s. (See Photo-
graph 4). Each packet of Surgical Simplex would be 
~hough for one specimen which after machining to proper 
dimens·io·ns would weigh from 30-43 grams depending on mold 
temperature and pressure. 
., The samples were sat a-t two temperatures, room (71°F) 
and body (100°F). To Qe,:t. t:he mold to body temperature it 
w a s p l a c e d i n a w_-a: t e r· b a; t·:h_ a t l 6 O ° F a n d t h e n p l a c e d i n a 
transite bo:.x: a:ncf -a=ll·-o·\1ed to cool to. 100°F. The mold 
would stay :a-:t t-ha.t ·temperature fo·r-. the :.3-5 minutes tt 
w o u l d ta k· e ·t· h e me t ha c r y l a t e to ha :r d:·e..rL. S i m i 1 a r l y , a l 4 
o u n c e a l um i n um p l a t e w h i c h r e s t e d' o .tJ; ·ttLp (ff -t h e mo l d w a s 
:al·s_o kept at the dt~s:·; red above ten.iperr:~tt'ur,e:s::· 
In early exp·eriments, we. ·t:-r·:j.:efd to :po'ly-m·-e:rize: ·t-:he: 
methzcryl ate at 'lov, temper&t.tf_·r-e :but found t/h.at- it: w·o-ul:d 
remain in the doughy sta.t:e :itldefinitely ,a,t: :a·ntY.· ·-t~,rnp.e·ra:~_ 
t_u:re below 58°F. Sampil:e·$:' ,m.ade···at th"is: l:o.w -t-~mp:era.·t·u_re 
*·· There is no standard pro.G.e.dure in the lab or ope-ra·:tin·g: 
room. However, poros·i·ty· ts reduced with continued 
m i x i n g a s l e s s f r e e m o n 6.m:·e, .. r r em a i n s t o b u b b l e o u t 
during· polymerizati.on. 
-·2:Q: .. 
'· 
:w·,e· r e a l mo s t c l e a r i n s t e a d o f t h e u s u a l p a l e y e l 1 ow c o l o r 
{or white for the Radiopaque samples). They were also 
denser and tougher. However, these samples took much 
longer to reach a hardened state (as a rule, the higher 
the temperature of the mold, the faster the methacry-
late will polymerize), and proved very troublesome to 
,S 
work with. 
At 71°F mold temperature, the methacrylate would 
expand slightly when hardening. At 100°F, the samples 
would expand as much as 40%, leaving a much less dense 
s amp l e , f u l l of/'- a i r pockets and v o i d s (See Photo graph 5 ) • 
~.) . 
-,:. .. > 
In order to keep this expansion to a minimum, for some 
samples we used a clamp to hold the plate on the mold. A 
pressure of 14 pounds was needed to keep t.he plate from 
rising fro·_m the mold. 
After experimenting with t~e various methods of 
·m.a:k·i.ng speci:·m:ens.,. we decided to test six types of com-
p·.lfan_c_e· spec:i·m·en:s. The categories were based on three 
v'arta:hles: mold temperature, 70°F or 100°F; plate temp--
e·-r a t Li re , 71 ° F a r l O O ° F ; a n d p res s u re , . en o u g h to k e e p t he 
pl,a:·te on the m·o:l d or none ,(Se:e Photograph 6). These can 
be compared to the placement of the polyethylene cup in 
the pflvic area ,_.,. the mPld would be the acetabul ar cup, 
.. 
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t,he- :Pilate would be the plastic cup, and the ·p:ressure 
#QUld b~ that applied by the surgeon to keep the cup in 
:P 1 ~re. e ·•. ·o· v ··er l O O s amp l. es we· re made and t es t e d , but · be -
·cau.se of d.efects -in· s:.om.e of them, only 82 were used in 
Compiling the data. 
A. Ur-1-_i.f<:frrn .. J~oom Temperature - 71°F 
The first group of specimens were made at 71°F 
mold and plate temperature. Since these samples expanded 
I· 
very little if at all while polymerizing, putting pressure 
on the plate-mold system had little effect on the quality 
of the samples. The average critical stress intensity 
f·ac:t.o·r f:or santples made without pressure was 1425 lb/in3/ 2 
{14 sample$), and for those with pressure was 1435 (18 
samples). Samples. made with pressure weighed an average 
:o·f: 40. 8 gr·a.m·s ,· as:. C:C>nipa:.red to the 40. 4 grams for' t-.he 
,_no,n·-:.press:u.r:e _ sam.:P.l e·s • -
.. E:x .. c·ep:·t -fo.r the smooth.surfaces which ha:d been in 
·contact \\fith the mold, the texture of th~- :-rnethylmeth-. 
acrylate was fairly constant throughout these sample:$:~: 
Many tiny holes form ~hen air escapes during polymer~ 
ization and leave t~e specimen pitted (See Photograph 7}~ 
In contrast, specfmen:s .m-ade at higher tempera:ture \1·i:th-
:oµt pr-essur-e pu~f out_ of the mold when polym·:e-ri'zing. This 
,:~ •. 
• 
\ 
·expansion leaves a definite density gradient along the 
thickness, ranging from the smooth bottom surface to the 
sponge-like_top surfaces. Craters as large as 0.25 11 form 
on the ~op surfaces and greatly weaken the samples. How-
ever, the ·bonding capability of methacrylate increases 
when it puffs out -- the top aluminum plate sticks to 
these specimens and it takes a good deal of effort to pry 
it off. The smooth bottom surfaces of the samples are 
easily lifted from the mold. 
After machining to a 0.24 11 thickness, the samples 
were tested on a Hounsfield Tensometer using a 200 lb. 
1 oad eel l and a 0.12 11 stroke LVDT (See Photograph 8). A 
jeweler's saw is used to cut successive crack lengths in 
each sample. At each crack length, the sample is loaded 
and unloaded three times -- the first two to eliminate 
slop in the apparatus and the third to get a load-dis-
placement graph on an X-Y recorder. The specimens are 
loaded to fracture on the final crack length. 
The data is reduced to derive two fracture mechanics 
values: Kc' the stress intensity factor, and Ge, the 
crack driving force. For compact ten-sion specimens, ·K 
C 
is quickly computed by the formula 
{ 5) 
-23-
I} 
where P is the fracture load, 11 a II is the crack length, B 
. is the thickness, and Wis the width of the sample. The 
constant Y is a function of the crack length and geometry 
of the specimen (values were taken from ASTM STP 410, 
Figure 8). The room temperature samples had Kc values 
ranging from 1150 to 1700 lb/in 312 with an average of 
1430. This large range of values is due to several fac-
tors: the existence of tiny air pockets near the crack 
line and the general quality of the sample in the grips. 
These variables are magnified by the fact that a.differ-
ence in fracture load of one pound changes the Kc value 
by as much as 2%. 
The crack driving force is given by the formula 
C = deflection/load ( l ) 
. -
where C, the compliance value, is obtained by taking the 
slopes of load deflection plots. Compliance values are 
plotted against crack length and the re~ulting curve is 
differentiated to get dC/da. Ge is the value of G at 
fracture. The accuracy of Ge is directly dependent on 
the quality of the load deflection plots, which in the 
case_ of methacrylate is erratic. Samples made at simi-
" 
lar mold and plate temperatures often had slightly 
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different textures. For example, samples #1, #4, and #5 
\"J e r e p r e p a r e d o n J u l y l 9 , 1 9 7 2 t e s t e d a n O c t o b e r 4 , l 9 7 2 
and gave Ge values of 3.7, 4.45, and 5.7 lb/in and on 
June 13, 1973 samples #118-122 prepared on May 31, 1973 
gave Ge values of 10.2, 11.0, 10.0, 9.2, and 9.9 lb/in. 
All these samples were made at room temperature. 
The energy release rate can also be computed as a 
function of Kc by the formula 
2 2 (l-v. )K G ::: L ' ' ' . C 
E (6) 
where vis Poisson's ratio (See Table 5). Using v = 1/3, 
E = 337 ksi., G is computed tp be 5.35 lb/in for the 
L-
specimens made without pressure. The pressure specimens 
had a Ge value of 5.75 (E = 318). These values are lower 
but comparable to those derived using the load displace-
ment plots which averaged out to about 8 lb/in. 
Tensile Test (Table 6) 
The Young's Modulus values used in computing G were 
obtained in a series of tensile tests with samples p~e-
pared as they were for the compliance tests. An aluminum 
tensile coupon mold was used to set the samples. These 
standard ASTM tensile specimens were tested in an Instron 
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TTC Universal testing ma~hine using a Baldwin Extenso- · 
meter to measure displacement. The load displacement 
plots were used to compute Young's Modulus, which is the 
' , 
ratio of stress (load/area) to strain (deformation/ 
length). The ·tensile or breaking strength of these 
0 ' 
samples was highly dependent on the quality of the 
sample as all samples fractured at location of voids or 
air pockets in the neck region. Average tensile strength 
was 4000 lb/in. 
Although these samples had defects, they did not con-
tain as many tiny air pockets as did the compliance 
specimens. The neck region had a cross sectional area of 
0.125 in 2 , and the bone cement was fairly consistent 
throughout. Samples made a high ·temperatures without 
pressure did puff out, but only a small portion of the 
neck region was affected. -~nly twenty four samples were 
tested, not enough to get a pattern of Young's Modulus 
dependence on temperature and pressure. However, sample 
made at room tem~erature averaged 325 ksi, and those at 
l00°F averaged 305 ksi. A sample made at 58°F gave the 
largest value of E, 352 ksi. 
B. Nonuniform Temperature 100°-71° (Table 7) 
The second group of compliance samples were made at 
-26'-
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. l00°F mold and 71°F plate ;emperature. Samples made y 
without pressure weighed 34.2 grams and had an average 
Kc of 1290 (12 samples). Using E =290 ksi, Ge was com-
puted to 5.1 lb/in. The quality of these samples varied 
greatly (weight ranged from 29.8 to 38.2 grams) with the 
lighter samples having Kc values as low as 900 ksi. The 
top surfaces of these specimens were very weak and 
offered little resistance to crack growth. In effect, 
the thickness u~ed in computing Kc for these specimens is 
about 20% too high, and hence it is not meaningful to 
compare.with data of other tests. 
The specimens made with pressure aver·aged 40.8 grams 
and a Kc of 1395 ksi (12 samples). The G value was com-
. puted to 6.51 lb/in, higher than the other samples because 
of the low Young's Modulus value, 267 ksi. Since the 
vitalium prosthesis or plastic cup used in the total hip 
operation is not heated to body temperature~ these 
samples represent the temperature and"pressure condition 
in the operation. However, the bone ·tement in the body 
is weakened by inclusions of blood and tissue. 
C. Elevated Uniform Temperature - 100°F (Table 8) 
The third group of compliance specimens were made at 
l00°F mold and plate temperature. The 13 samples made 
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without pressure were very weak -- weighed only 32.5 
grams, had a Kc of 1090 ksi, and a G of 3.47. Since the 
' 
conditions of these samples is so poor, containing many 
defects and air pockets, these results should be inter-
preted with care. They do indicate that the bone cement 
is weakened considerably if mechanical pressure were not 
applied. 
Specimens made under pressure at 100°F were pro-
bably the easiest to work with. They hardened very quick-
ly, taking two or three minutes as compared to the five 
needed by the room temperature samples. The top plate 
did not stick to sample as much as it did to samples made 
without pressure. The top surface was fairly smooth and 
·there was only a slight density gradierit along the thick-
ness. The Kc value of 1410 ksi (13 samples) is slightly 
lower than that for the room temperature samples but 
higher than the 100°F mold 71°F plate specimens. 
Much of the variation in values for specimens is due 
to variations in mold temperature and mixing conditions. 
Trying to keep the mold at a constant l00°F is very 
., difficult and complicated by heat coming from the poly-
merization of the bone cement. Different batches of 
Surgical Simplex seemed to produce specimens with 
-28-
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varying textures even though attempts were made to keep 
the mixing conditions constant. 
However, this variation in density and texture does 
not result in tadically different values of Kc. The 
triginal crack propagation occurs in the smooth bottom 
surface of the samples. The thinner this surface, the 
easier it is for the crack to start. However, when the 
methylmethacrylate puffs out of the mold, this smooth 
bottom surface is not drastically affected. Thus, samples 
having large differences in weight and texture still have 
comparable Kc values. 
D. Radiopaque Specimens (Table 9) 
The above testing was made on non-radiupaqu~ methyl-
methacrylate. Instead of repeating all these tests on 
the radiopaque material, we tested four compliance samples 
made at room temperature without pressure to get an idea 
of how the two types of bone cement differ~ As it turned 
out, applying pressure to these samples would have made 
no difference since there was no noticeable expansion. 
In fact, these samples were tested with a 0.234 11 thickness 
instead of the standard 0.24 11 because they did not even 
expand to the top of the mold. They were easier to mix --
they had a more liquid-like consistency -- and took lbnger 
-29-
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to harden. It was also easier to cut these samples 
with a jeweler's saw~ 
The Kc values for these samples were very consis-
tent -- 1180, 1185, 1165, and 1170 ksi. These values 
are 18% smaller than the values for the non-radiopaque 
samples. The Ge values obtained from the load displace-
ment plots were 4.55, 5.52, 5.25, and 6.04 lb/in 2 . Con-
sequently, the addition of barium sulfate does have a 
considerable weakening effect on the toughness of the 
material. 
• 
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PART IV 
CONCLUSIONS AND FUTURE RESEARCH 
Polymethyl methacrylate has many desirable features 
to recommend it as a good base cement. For example, it 
' does not support bacterial growth, it is com·patible with 
the body tissues, and the danger of toxic free monomer 
can be checked by proper mixing. However, as it is pre-
sently used, this bone cement is often the site of the 
failure of the artificial hip joint. Consequently, furthe? 
work should concentrate on the bone-bone cement interface 
before the results of this thesis are applied to con-
structing a more durable joint . 
An ideal interface would have full bone t-i ssue growth 
into a rough and porous outer layer of bone cement. This 
~ould improve the bondir1g capabilities of the cement and 
eleviate stress concentrations. Unfortunately~ the nature 
of the surface layer of the Surgical Simplex, as prepared 
in the operating room, is smooth, not~porous. Also, the 
heat produced by the polymerization destroys surrounding 
tissue, thus preventing new tissue growth. [3] 
Therefore, inves-tigations into way at producing a 
rough outer surface and reducing the heat of polymeriza-
-31-
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tion would prove very rewarding. Porosity might be 
created by oozing the cement through a mesh or somehow 
forcing air bubbles to come to the surface. A simple 
·~ 
heat sink, constructed of conducting strips, might 
drain enough heat to prevent thermal damage. 
• 
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TABLE 1 
Table to show that cross-sectional area has no direct 
correspondence to width of bone. 
Bone 
No. Large End Mid Section Sma 11 End 
outside outside outside 
radius area radius area radius area (in) (in 2 ) (in) (in 2 ) (in) ( i n2 ) 
7 l . 45 2.95 1 . l l • 7 9 0. 97 2.33 
8 l . l l . l 0.9 l . 41 0.93 l • 5 5 
9 l . 48 3.04 l . l l . 94 l . 06 2. 13 
l 0 l • 5 5 · l . l 3 l . 08 l . 6 9 0.99 l . 99 
l 1 l . 52 3. 12 0.93 l . 71 0. 91 1 . 96 
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t 
4 (4/5/72) 
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TABLE 2 
Load 
Cycles 
Fracture 
Load 
2 (0-2000 lb.) 7000 lb-~ 
l (0-3750 lb.) 
2 (0-5000 lb.) 
l (0-fracture) 
6 total 
:3 {0-2000 lb . ) 5450 lb. 
2 (0-3000 l b • ") 
2 (0-4000 lb. ) 
2 (0-5000 1 b. ) 
l ( 0 - f r a c t u r. e ) 
l 0 total 
.. 
1 (0-2000 lb. ) ::5'400 l b. 
·3 (0-5000 1 b • ) 
l (0-fracture) 
-
-5 total 
2 .( o - 2:0,0-:0 1 b .• ) 6. as o 1 b • 
2 ( o. - 4 0 0 0 1 ·o: . .) 
1 ( o ... 5 o o o· 1 b • } 
l ( 0- f ·.r ~- c. tu r _e }-
6' tota-·1 
• 
Comments 
Fractured at wide 
end. Bone air 
dried for 2 days-
kept in diluted 
glycerol for 7. 
days- - 4 months 
in formalin. 
Fracture started 
at pre-ex-is ting 
crack • middle , n 
of bone. Bone • air 
dried 6 days -
kept • diluted 1n 
glycerol for 9 
days 
- formalin 
for 4 months . 
Fractured at wide 
end. Epoxy • top 1n 
• cracked dur-grip 
• loading. Air 1ng 
dried 2 days -
kept • undiluted 1 n 
glycerol for 10 
days - formalin 
for 4-1/2 months. 
Fractured at wide 
end. Bone was tw-
isting free of 
top grip at time 
of fracture. Air 
dried for 2 days-
kept in undiluted 
glycerol for 16 
days - formalin 
for 4-1/2 months . 
TABLE 3 
' Data table for fracture toughness bone tests. 
Notch Size 
Bone Depth 
No. . .. By Width 
(inxi n) 
8 0. 1 2 X O. 04 
7 0. 18 X O. 04 
9 0. 06 X O. 04 
Fracture 
Load P 
( l b) 
31 00 
2910 
67 50 
x Area in Mid-
section 
A1~7T(R 2 -R?) 0 1 
(in 2 ) 
l . 41 
l • 7 9 
l. 94 
R0 is the average value of the outside radius 
R1 is the average val~ue of the inside radius 
Bone #8 was in formalin 22 days and air dried 2 days. 
Stress 
s~P/Al 
(lb/in 2 ) 
2200 
1630 
3480 
Bone #7 was in glycerol 27 days, and air dried 2 d ay s ,- . I t w a s v er y fr es h a n d m-a r row \\/ a s s t i 11 
red with blood. · 
Box #9 was in formalin 34 days and air dried 2 days. 
-3 5-
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TABLE 4 
Compliance Specimens 
mold -- 71° average weight -- 40.4 gm. 
width (W) -- 2.5" plate -- 71° 
no pressure 
Speci-
men# 
Thick-
ness 
(8) 
height (H) -- 1.5 11 
Crack 
Length Geometric. Fracture (a) Factor (Y). Load (P) 
~¥Pa~ 
Kc- BW 
(lb/in3/ 2 ) 
l · .243 11 
.242" 
. 242 11 
. 239 11 
. 239" 
. 240" 
~241" 
.240 11 
.241" 
. 240 11 
. 240 11 
. 2 4 l 11 
. 240 11 
.241 11 
l • 3 0 II 
1 • 2 7 II 
l • 3 l II 
0 • 97 II 
0 • 95 II 
14 
14 
14 
43.5 
50 
46.5 
85 
69 
63 
68.5 
81 
66.5 
82 
70 
75.5 
87.5 
70 
lb. 1150 4 
5 
44 
49 
54 
117 
118 
11 9 
120 
l 21 
122 
125 
126 
mold -- 71° 
plate -- 71° 
pressure 
16 
l 7 
18 
l 9 
20 
21 
22 
45 
46 
50 
11 3 
114 
11 5 
116 
123 
124 
127 
128 
. 239" 
. 239" 
.233 11 
· .233 11 
. 235" 
.241 11 
. 240 11 
. 240 11 
;238 11 . 
.241" 
.241" 
. 240" 
. 240" 
. 239" 
.240 11 
• ·2 4 l " 
• 2 4 0·11 
.241 11 
1.01 11 
1.15 11 
0 • 87 II 
1.11 11 
l • 0 5 II 
l . 06 
1.10 11 
0. 90 11 
1.04 11 
11 . 3 
11 . 2 
11 . 5 
l 2. 4 
11 . 0 
l 2. 2 
11 . 9 
12.0 
l 2. 2 
l l . l 
12.2 
. . 
average weight --
width (W) -- 2.5 11 
height (H) -- l. 5 11 
l .Ol 11 
l • 0 0 II 
1.16 11 
1.08 11 
l • 0 5 II 
0 • 91 II 
0 • 7 4 II 
0.96" 
0.95 11 
0.94" 
l • 2 4 II 
1.21 11 
1 • 0 5 II 
1.07 11 
l • 2 0 II 
1.11 11 
1.00 11 
0.66 11 
11 . 5 
11 . 5 
13 
12 
l 1 . 6 
l l . 2 
l O. 9 
11 . 2 
11 . 2 
11 . l 
13~6 
13. 3 
l l . 9 
12.0 
l 3. l 
12. 2 
11 . 6 
10.6 
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40.8 gm. 
69.5 lb. 
73 
58.5 
58.5 
79 
80 
100 
87 
69.5 
95 
·54 
60.5 
69 
75 
56.5 
59 
69 
l 03 
1315 
. 1240 
1590 
1270 
1225 
1510 
1380 
1420 
1700 
1440 
1600 
1540 
1450 
AVE. 1420 
AVE. 
1340 
1405 
1425 
1250 
1600 
1415 
1560 
l 595 
1280 
1700 
1370 
1485 
1410 
1560 
1355 
1260 
1340 
1460 
1445 
.. 
G Values 
Mold 
Temp. 
71°F 
Plate 
Temp. 
71 ° F 
no pressure 
71 71 
pressure 
100 71 
no pressure 
100 71 
pressure 
100 100 
no pressure 
100 100 
pressure 
TABLE 5 
Average 
Kc value 
1425 1 b/ in 
1435 
1290 
13 95 
1 090 
1410 
3/2 
Young's 
Modulus 
(E) 
337 ks i . 
318 
290 
267 
306 
340 
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• 
(l-v 2 )K2 
G= · c v=l/3 E 
5.35 lb/. · · 1 n 
5.75 
5. l 0 
6.51 
3.47 
5. l 7 
• 
• 
Tensile·· Specimens 
Mold 
Temp. 
71° 
No 
71° 
Plate 
Temp. 
71° 
Pressure 
71° 
Pressure 
l 00° 71° 
No Pressure 
l 00° 71° 
Pressure 
100° 100° 
No Pressure 
100° 100° 
Pressure 
f 
85° 71° 
No P r,es sure 
58° 71° 
No Pressure 
TABLE 6 
Sample# 
Young's 
Modulus 
( ks i) 
2 333 
7 341 
l ·9 337 
AVE. 337 
64 336 
65 314 
66 318 
67 302 
AVE. 318 
l 6 285 
22 295 
21 278 
AVE. 290 
68 302 
69 235 
70 244 
71 206 
AVE. 267 
60 300 
62 313 
63 . 303 
AVE. 306 
56 342 
57 323 
58 355 
59 342 
AVE. 340 
18 316 
20 314 
13 352 
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Tensile 
Strength 
(lb/in 2 ) 
4540 
4070 
3490 
4020 
3640 
3720 I; 
3920 
2820 
~ 3540 
3310 
3290 
2820 
3150 
3910 
3330 
3660 
·3180 
3520 
3340 
2900 
4350 
3530 
4840 
4350 
5400 
5560 
5050 
1780 
3610 
4470 
• 
....... "\. .•. ' , 
TABLE 7 
Compliance Specimens 
mold -- 100° 
plate -- 71° 
no pressure 
Thick-
Speci- ness 
men# ( B) 
8 . 242" 
9 .. 2 4 l 11 
l 0 . 2 4 l 11 
l l .242 11 
37 .240" 
38 . 240" 
86 . 238 11 
87 .240 11 
88 .242 11 
89 • 2 4 l II 
137 . 240 .. 
138 .241 11 
mold 
- - l 00° 
plate -- 71 ° 
pressure· 
25 . 241 11 
26 .241 11 
31 .239 11 
32 . 240" 
33 .239" 
34 .240 11 
90 . 239" 
91 .241 11 
92 .241 11 
93 . 240" 
129 .241 11 
130 • 2 4 a II 
l 31 .239 11 
average weight~- 34.2 gm. 
w i d th . '(W) - - 2 • 5" 
height (H) -- 1.5 11 
Crack 
Length Geometric Fracture (a) Factor {Y) Load ( p) 
l. 24 11 l 3. 7 41 . 5 lb . 
l • 2 6 II l 3. 7 39 
l • £ 6 II 13. 7 35.5 l -~ 2 6 II 13. 7 39.5 
0 • 84 II 10.8 82 · 
0 • 83 II 10.8 105 
0. 96 11 11 . 2 67 
0. 97 11 11 • 3 76 
0 • 87 II 11 . 0 82 
0.81" 10.8 95 
l . 03 12. 2 58 
l • 0 7 II l 2. l 56 
K = YPa~ 
c BW 
(lb/in3/2) 
l 050 
995 
900 
l 000 
1355 
11 30 
1235 
1435 
1340 
. 1560 
1200 
1160 
AVE. 1290 
average weight 
- - 40.8 gm. 
width (W) 
-- 2.5 11 
height (H) 
- - l • 5 II 
• l.15" 12 68 lb. 1455 
1.15 11 12 65 1400 
0.54 11 l O. 4 l 02 1310 0 • 7 3 II 10.6 97 1465 
0. 77 11 l O. 6 l 03 
. 161 0 0. 74 11 l O. 6 88 1335 1.03 11 . 11 • 6 82 1640 0 • 9 6 II 11 . 2 65 11 90 
0. 97" 11 • 3 78 1445 0.91 11 11 . l 69 1215 l • 0 6 II 11 . 9 62.5 1270 
l.16 11 12. 4 58- 1290 
1.10" 12. 2 64 1375 
AVE. 1390 
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,, TABLE 8 
Compliance Specimen~ 
mold -- 100° 
pl ate -- l 00° 
no pressure 
Thick-
Speci-· ness 
men # (B) 
35 . 239 11 
36 . 240 11 
47 .241" 
48 . 238 11 
51 .240" 
52 .241" 
53 .241" 
94 .240 11 
95 . 239 11 
96 • 238 II 
139 . 240 11 
1 33 . 241 11 
140 . 240 11 
mold - - 100° 
plate -- l 00° 
pressu-re 
24 .243" 
27 .240 11 
28 . 240" 
29 • 2 41 II 
30 . 240 11 
39 • 2 4·0 II 
40 .242° 
41 • 2 3 9 II 
42 . 240 11 
43 . 238 11 
132 . 240" 
134 . 242 II 
136 . 240" 
average weight -- 32.5 gm. 
width (W) -- 2.5 11 
h e i g h t ( H ) -ft- l • 5 11 
. Crack 
Length Geometric Fracture (a) Factor (Y) Load ( p) 
0.98 11 11 . 4 56 l b. 
0.87 11 11 . 0 86 
0.90 11 11 . 0 54 
0.81". 10.7 73 
0.89 11 11 . 0 56 
0.94 11 . 11 . 2 60 
0. 93" 11 • l 60 
0.90" 11 . 0 59 
0.91 11 , 11 ~ 2 55 
0.98" 11 . 4 61 
1.00" 11 . 6 56 
l • 0 9 II 12. 2 48.5 
0.93 11 11 . 2 57 
average \veight - - 40.0 gm. 
width (W) - - 2 . 5 II 
height (H) -- l • 5 II 
0.43 11 l 0 147 
0. 75 11 1 0. 6 93 
o. 78" l O. 6 93.5 
0. 72" 1 0. 6 98 
0. 74 11 l O. 6 . 100 
0.90 11 11 . 0 81 
0.98 11 11 • 4 76 
0 • 9 2 II 11 . l 76 
0.93" 11 . 1 77 
0.84 11 10.8 l 01 
0.97 11 11 • 5 72 
1. 00 11 11 • 6 63 
l . 04" 13. 2 61 
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Kc _YPa~ - BW 
(lb/in3/ 2 ) 
l 070 
1415 
935 
1185 
975 
l 080 
1160 
l 030 
985 
1155 
1080 
l 020 
1030 
AVE. l 085 
1590 
1425 
1460 
1465 
1520 
1410 
1420 
1355 
1380 
1675 
1360 
1210 
1270 
AVE. 1410 
• 
TABLE 9 
Radiopaque Compliance Specimens 
mold -- 71° 
plate -- 71° 
no pressure 
Thick-
Speci- ness 
men# (B) 
l 01 .233 11 
l 02 
.234 11 
l 03 .234" 
l 04 • 234 II 
average weight -- 42.2 grams 
width (W) -- 2.5 11 ~ 
height (H) -- 1. 5" 
Crack K =YPa~ 
Length Geometric Fracture c BW (a) Factor ( y) Load (P) (lb/in 3 / 2 ) 
l • l 3 II 1 2. 3 52.5 lb. 1180 
l • l 5 II 12.4 52 1185 
l . l O 11 12. 2 52.5 1165 
1.08" · l 2. 1 54.5 1170 
• 
• 
• 
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FIGURE 3 
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CEMENT 
(Methyl methacrylale ; MiJtture of Polymethyl methacrylate, Methyl melhacrylate - Styrene Copolymer. 
Barium Sulfate U S P ) 
CONTAINS: 
2 ltACKETS 
(each containing 40g. of sterile 
powder consisting of 6 .0g 
Polymethyt methacrylate ( 15% 
w/w). JO 0g of Methyt 
methacrylate - Styrene 
Copolymer (75% w/w), 4 .0g of 
BariumSulfateU.S.P. (10%w/w) 
2 AMPULS 
(each contains 20ml . of sterile 
liquid consisting of 19 5ml of 
Methyl methacrylate (97 .4% v/v) . 
0 .5ml . N. N-dimethyl· 
para-toluidine(2 .6% v/ v). and 
75 -t 15 ppm. of hydroquinone. 
WARNING: 
1. FLAMMAaLE LIQUID. 2. Store in a cool, dark piece. J . ... lllac:11 ... lnNrt for dosage and administration. 
CAUTION: 
,-.. al law prohibits dtapenatng without prNCription. 
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